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MEASURFMENTS OF E'.ECTRON HEAT FLOW ALONG A DC
MAGNETIC FLELD IN STRONG TEMPERATURF GRADIENTS#*
R. S. Massey, J. C. Ingraham, B. L. Wright, and H. Dreicer,
Los Alamos Scientific Laboratory, University of California,
P. U. Box 1663, MS650, Los Alamos, NM 87545, U. S. A.

Measurements of electron heat flow parallel to E are performed on a fully=-

- . it plasma colwnn under conditions for whlch the electron-clectron
collisional mean free path, lee' 1¢ not small relative to the eclectron
temperature-gradient scale-length, | (1/T)dT/dx) |~ ). Pulsed microwave heating
at one location on the column and nonperturbing microwave resonator mceasurcments
of tcemperature at two locations on the column are used to create and to measure
the heat flow. We compare our results with the predictions of a 1-D heat
diffusion code that has a parameter, a, multiplylng the Splizer heat
conductivity coefficlent, and that also has proviasion for limiting the heat flux
tn q - RnkT kT/m (where B Is an adjustable parameter) In order to model the
transition to lar:er values of (EUU/T)IdT/de. For a weak heating  casce
('[‘/T0 < l.25.(ﬂee/T)ldT/dx| ~ 0.015) we [ind a= l.1 * 0.1 glves best aprecment
between measurements and predictions. For a  strong  heating  case (T/TU -5,
(2,./T)|dT/dx £ 0.7) we (ind, using an w-value 3 1.1, that a F=value of 0.2 s

-

o
required ro give a pond fit to the data.
I. _Introductin

The rate of electron hear transport along magnetic lines s of  fundamental
fmportance to the end loss problem of open=cnded fuslon systemsas It Iso plays
a key role In the heat transfoer within a device between replons of  ditterent
temperature, such  as  the ond cell and center cell regions of a Tandem Hirror.
Thoupgh the rate of clectron heat transter {8 thoupht to be wel l=understood  whon
clectron collislonn dumlnntn.: there exists no riporsusly=derived theory that
deseribes electron heat transfer ander conditfons where electron colitslionn are
present  but oot dominant, or when strvonp temperature gradlents exist. In thiy
weakly=collistonal  regime  the ratio of  the ul-u-lrunl—ul(uatrlnl collistonal
mean=rree=path to  the temperature=pradfont  weale lenpth, ;"|1T| A, 14 not
miech tess than unity.  (llere, “m. - 'l(_V'!k'l‘/m, whoere e in plven ;l’:' ::pH:'.u-r."‘)
We o preaent heat  flow measurements that  apon the colliston=domingated  and
woiakly=coil ifonal repimen, and compare our resolts with the predietions of 1we

exianting heat flow modela.



IT. Experimental Method

Using high-Q microwave resonators (heater and sensur) we perform non-
perturbing measurements of clectron temperature, T, in a study of electron heat
flew along the fully-ionized plasma column of a single-ended potassium Q-machine
(Fig. 1). The resonators operate 1in the T™g1o mode (f =2 Cillz) with EkF
parallel to the dc magnetic fleld, ﬁ T4 kG, Q ~ 20,000, and > %,. The plasma
column 1s 183 cm long, the ambient clectron and ion temperatures are assumed
equal to the hot plate temperature (2250 K), and typical electron denslties are
n =4 x 1010 ep~3, Langmuir probes (Pl, P2, P3) are located at three positions
along the plasma column. The heat flow is caused by application of a brief
localized microwave heating pulse using the heater  resnnator. The
negatively=-biased cold plate acts as an {nsulator tv the heat flow and the hac
plate 18 1n good thermal contact with the plasma. The temperature measurement
=3/2

s based on the dependence of the weak-field ac l:t.-t;tz-n:lvlty;i of a

fully=ionized plasma az applled tuo resonator measurements of the plasma
reslativitve ™o g temp. v orure doepe adeaae of 0 the e e 00 Ity Celt L
logarithm term, RnA, as given by Dawson and 0burmnn,3 Is also jncluded in the
amalysls. (In an earlier puhlicntlnn“ we reported experimental measurements  of
the plasma  ac  resistivity that were In pood apreement wlth the Dawson=Obherman
theory.)

We determine the nlasma ar reslstivity from a measuarement of the rate of
absorption by the plasma of microwave enerpy stored In the resonator. ‘The rate
of cnergy absorptior {n the resonator is determined dircectly trom the decay rate
of  the electromagnetic cnergy followling exetration of the resonant Flelde T
picsma enerpy absorptlion rate I8 determined quantitatively from the difference
between  the measurcd encrgy decay rate o the prodence of plasma, and the mea=
sured enerpy decay rate In the abdence of plasmae  Uslopg o simllar measuremeant
for the unheated plasma and taking the ratio of the two plasma resfatlvities, we

ot _ an the ratfo of the heated to unheated plasma temperaturens.

5 = 1em

i L

HOT , el

. PLATE Pl sensor P2 wearer P30 PLATE
REGUNATOR RESONATON

Flge 1o Experimental arvanpement for heat low aeanurements on the sinple=ended
O=mvehine.



The resonator energy decay is measured in the following way. The decay of
a =signal proportional to the resonator encrgy is digitized using a
Tektronix 7912 transient digitizer and the data transmitted to a computer.
Through caref?' -ilibration procedures and analysis of error we have achiceved an
accuracy of bhetter than 1% in the determination of the decay rate. Such
resistivity temperature measurcments are performed at  the sensor  resonator
during and after applicatlon c¢f the heatlag pulse by the heater resonator, and
at the heater resonator after the heating ficlds have decayed to a rufilclently
low level so thar weak=ficld resistivity measurements can be made.

We compare our measurements with the predictions of computer solutlons to

the one=dimensional elactron heat=tlow cqunation:

rF(t) S(x)

where  Is the electron heat flux, and H0 Is the heater strength. S(x) (Fip. 2)
is the heater sgpatial dependence and is determined from a computer code “that
cilculates the resonator fleld distribution In the presence of  the  plasma and
the resonator cad=holes. F(v) (Flpe 2) is the heater tlme dependeace and s
determined by dlrect measureaent of the rate of power absorption by toae plasma
duting the heating pulse usiop  the  same technique  ax {5 used tor the ae
resistivity meadurement.e  The electron density (s derermined  trom  resonator
frequoncy shifts and probe=measured radial elestron depsity protiles.

For collision=dominated heat flow, q=q, = =~ @ T:;, whore » s the electron
theemal crmdulevity,l and « an ad justable coeffictent.s  To amalyae cases where
atrng  temperature  pradients or long clectron mein={ree=niaths occur we uke the
paonomenologlenl flux Hmit oxpresaton® g = q./ il 4 i-:l-"-l Jy which limits q to the
Huofting  heat Flux, qp. In order to model the Lr.'m.!:'ltlnn fron, collisional to
collliafontess heat  trausport, o) I8 asnumed  ta have  the  form ul the
coll{stonleas heat  rranseport  ratoe, qy, rnkT J-i?-. where Fods an adjustable
parametere  Typleally, a value of @ of about 0uh haw been uaed by otho-n "
attempt ing to predict heat flow In the weakly collizional regime.

Becaune 0 and T ovary with radiug, the effective temperatare meadared by a
resounntor, TI-:I-‘I-" {e determined Trom an averape over the protile ot the guantlity
n” /T, I order to compnte thia averase  frowm the proo tlona of onr

apne=dimenatonal heat=rlow codey,  prohe measurements  of  the o oana 1 rvadaal

prof tlea at o ainple thne are uged (uee Flps V). [The probe (P eboaen tor the
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Fig. 2. Time and space factors tor Fig. 3. Density and temperatare
heatingy term in heat flow equation. profiles. Temperature measured

20,2 ps after start ol neater pulse.

measurements  Is  located near  the  insulating cold plate 50 as to ninimize
perturbations on heat flow from the heater to the sensor.] The predictions  of
the heat low code are tit to the probe measurenents at a set of representacive

puints on the prafile by adjusting the value ot I, at each polnt and are  then

(3]
combined In an Integral over the plasma cross section of the quantity n< fn .“-,/'l"'/;’
to plve a predicted TI-ZFI-‘(""") at the resonator pesitions.e A similar intepral is
computed  for the unheated plasma (T = T, ) to ohe e T.Zi‘l-"’Tn for comparison vith
the resonator temperature measurements.

Woe  determin trom the  cane of " weaak et fay, pul se whiop e
collision=dominated heat  transier  occurs. Wee determine B primarily from the
case of a strony heating pulse where AV ls no lonper small, It 1s usually
necesdary to apply a small  additional  common correction (< 20%) to all the
H,~values tor a glven heating case In order to achieve the best it to the
temperature  measnrements. That  such  a correction shonld be necessary is not
Hurpl:l.'-llnﬂ in view of the uncertafnties attached to Langmalr  probe  temperature
mueadurements o a Q=mechine plasma.

LIl | Expertmental Results==Weak Heating

For the case of  weak  heating where the olectrons e boosea e Do,
bremsstrahlung absorpt fon the tempoeratare 'l'l:l,-l_.(h(-.'ltur) Is  Ioereased by about
N5, an o can be seen In Flge 4 by extrapolating back to the time ol heater

turnoff. The corresaponding 'rl,::-l,-(.-u-n-:nr) {s shown o Flg. b The  two  curves

ahown  on i A0 ud ! ver cornutor aolatlong of The heat Tlow equation
with «ve Lolh, and ditter only o that slipni by airtterent values of the heater
atrength  are  used  for the curven gooas to opt defze the agereement hetween the

code prodicet fonn and efther the densor or the hoatep Tl-‘l-‘l-" Heeanse of the meh



*r - - - - -+ ==v-=-qlarger amount of data avallable at the

! sensor, we regard aclieving a pood fit
|
2 i - with the scnsor data as  the nmore
— ~a ]
< ~-|-.1 _l slenificant of the two rossibhilities. Ry

¢ 1 —— S eomparison of  the. - snd exporiment for
i Pother a-values we have dJdetermined rhat
- i
- —— ML T sl AL IIT the a=value providing the best it to the
1
warpn T TER T T data for this weak "waring  case o
R
Lo oo 0 00 00 eed a= 1.1 L Nl which coartitutes a strong
o o 3 » 14
YINE s confirmation of the collision=Iwinated

Flge 4. Comparison at heater of best heat flow rhnnry.l Fe have alse verified

heater 1t with best sensor rit., that the heat flow code predictions far

this weak heatine eas:» are not sienifi=

cautlv  affected by rthe introduction inte the ende of a (lux Ji~ft, ;. = 0.25

(which corrvaponds to the f=value determined In the next section). ™z {s  so
In this rase heecause lq‘,l is always much laxs than Iq' le

Msing the axial temperatare dlstributlons predicted by the heat=flow code

At a resreconiative proliay on the prafita o 25910 the eloctrons Tocated  at

smaller radli), we have compurod A as o functfon of time and laecat lon on the

cnlurn. Ne find that A < N.N15 For this weak heating cane.
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IV, Fxpcrimental Results~=Stronp Heating

Tt 18 not passihle to achieve strong heating of the clectrons hy relyving

Y hecause the microwave heating rate

solcly on {nverse hremsstrahlung absorption
of the plasma actually decreases with Increasing microwzve Fficlds 1f the
clectron oscillating velocity is much larger than the electron thermal velocity.

This decrease occurs hecause of the v=3

dependence of  the coulomd collisfon
ratoe. In aadit.. . to this field dependent offect, nf course, the inverse
bremsstrahlung heating becomes very incfficient at large T.

In order to achieve s8trong heating, 1t was thus neccessary to rely on
enhanced heating by parametrlce instahilitles’ excited by operating the heater at
power levels above the instability threshold. In this case Typp(heater) s
fncreased by about a fa. ter of five as Inferred from Fig.e Ae Fipure 6 also

shaws the results of two heat flow code runs with a = 1.15, and B = 0.2 and 0.3,

e eret et v 4t vy 1 a1t vy v - respectively. The fit to the data for

{
!
vl STRONG HEATING these two runs Is optimized by compiarison
|
0 —-- FLUX LT <03 to TFFF(scn- r) us shown in Fips. 7 and R
u — HLUX LIMIT:0.2 )
o | for early and late times, respectively.
‘ LCh L]
E = 'I : }% o The peak value and later time decay of
’ N = =1~ . L) ] ! .
- Pt TFFp(senaor) are well=brackcted by thesce
v two cases, sugpesting B = N.25 as a
'L'.f et a st A g Y Y suitable optimum  value for the fit to

LX) L] o
LTS N T o
e ! Tppplsensor).s By carri gy cat eat tlow

Flyre 6. Comparison at heater of hoest

. ) ) code runf  for several a and f§ valurs we
sensar Flts Yor - o= 002 and 0,9,

Coaw dlige ol + 102 unrcertaintvy (n the
a=value detormined fn the weak=heatInpg case glves rlse to a & 207 uneertalnty n
i For the stroag=heating case, 3 = 0.2% ¥ 0.05., We have also found that for no
fMux limit (f = =) the peak value of THFF(Hannr) can he satisfactorfly
predicted hy the heat flow code uring a = 0.2, (that 15, a factor of five
reduct Ton In the oftfective rate of diffustonal heat  transport), hat  that the
prodicted  Jate  time  decay  of  Tupo(sensor) 14 mich too slowe  Thus, the Tlux
Hmlror model provides a much botteor overall It to the data than does  a model
that adjesta only the sfze of the thermal conductivivy coefficfent.

The carly  time dlsaproement  bhetwoen  the heat Flow code pretlietions and
Tepp (sensor), where the data actually rlsed hefore the code prodiet foneg o 1
cauned by haot nonthermal  olectrons In the tall of  eolectron voloelty
datreibut fon,? ehileh sre praduced an a resalt of the  parametrle  Instahfl it les.

These  nontie Seetrons have very Tong mean free patha aml rapt iy leave the

plasma column at the  hot plate after the heater pulae 18 terminated, Teaving



Fige 7.

Flp. He

TEFF /T0 SENSOR

‘ — FLUX LIMIT=0.2
-=-= FLUX LIMIT=0.3

Compariaon al sensor of hest sendor (s Lor n,"

OL_.____J_ veeme b L leiee L e —
0 5 o 15 20 25 30 35
HEFEER  TIME (4s)
Comparison at scensor of hest sensor fits for B = 0.2 and 0.7,
1 T T T T I ]
A
3 Jl
1
0z I
Q |
| N
o 2 s .
" 'l I
o ! TR I
t I: \‘% '
L 1
ui lf i _
- ~— FLUX LIMIT=0.2
-—- FLUX LIMIT=0.3
OL______.L_._._...: A N U IR PN pp—
o} 40 80 120
HEATER TIME (us)
OFF

Amd De .

160



behind the stronglv-heated but ronler hody of the clectron velocity
distrihution. The strongly=heated hody then rransports 1{ts heat alonp the
plasma column at the slower rate described by the flux-1limited heat flow nmndel.
For cases of strong heating by parametric 1instabilities we {ind a larpe
difference between the measured ahsolute enerpy absorbed by the plasma and the
amount of cnergy required to produce the temperatures that are ultimately
measured. Tstimates Indlecate that (f this cnergy diIfferential was rearried
rapidly out of the c¢olumn by the hot nonthermal electrons, thelr density and
velocitles could have beon sufficient to produce the observed early rise of
THFF(Honsnr). (This rise occurs as a result of a reduction in the ac
resistivity caused by the backflow vuln(‘.'lt_v8 induced in the unhe-=+1 ciectrons
by the hot electrons.) On the other hand, ror the weals heatinpg case where only
Inverse hremsstrahluup absorprion heats che celectrons we ohtaln  reasonable
apgreement between the measured and calecvtated absorbed enerples.

Figure 9 shows »a comparison with TEFF(svnsor) data of two additional heat
flow code runst o = 1.0 and R = @3 and a = 1.15 and |. = .". It 1s apparent
that such cases cannot provide eccod aprecment with the data and would seriously
averestimate the peak of Tu(sensor) Lf applied tn this case. For the a = 1.0

and ¢ = o ¢case the predicted amount of enerpgy requlred to heat the electrons Is
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almost two orders of magnitude larger than the mecasured absorbed energy. This
result further emphasizes the unphysical nature of the diffusion heat flow model
predictions (B = =) for this strong heating case.

We have computed the values of the quantity A that nccur in this strong
heating case from the heat flow code solution for a = 1.15 and B = N.3 &t a
representative radiv -n the enlumn profile (one-half the clectrons at smaller
radif). The predicted values of A rise as hiph as 0.7 durinp these early times
when strong flux-=limited behavior is observed but are liss Lhan 0.07 for later
timesa (> 45 us).

V. DNiscussion of Results and Conclusions

In the came of the weak heatinp pulse wiere A £ 0.015 our measurements have
confirmed the collision=-dominated Theat flow thenry1 to within 107
(a = 1.1 £ 0.1).

In the strong heating case we found ihat a flux-limiting @=value of 0.25
wns required to Fit the peak and 1late time hehavior of TEFP(sensnr) when
a = 1.15 was assumed. We also found by computation that values of A range from
as hieh as 0.7 at enrly tlmes to less than N.N7 at late times (t > 45 us). From
the definition of the limited flux, q = q./(1 + la./qp,1Y» 1t 1is apparent that
the flux-limit effect hecomes predominant for lq./qpl > 1. Fxpreasing q./qp in
terms of A and using a = 1.15 and B = 0.25, we find that the flux=-1imit cffect
ia predominant for A 2 0.1, which provides a useful puideline for the limir of
validity of the collislon=dominated theory.

The experimentally-determined value of B = 0.25 I8 significantly leas than
the commonly-used vu]uo,6 B = 0.6. The hest value of 3 to use in a particular
experiment depends on the nrocesses present that affect the heat flow. We have
not vyvet vecarried out a svatematic  experimental search for plasmn
fluctuations™® 10911 that might be exclted by the electron heat flux f{n the
strong hLeating case, and which would act to retard L' o heat flowe However,
rourth eqtimates of the cxpected p.owth rates of theae heat  Flux  Instabilities
can he made hy modelling our streng heat flux cases with a two=Maxwellian
rnodel, 1% and these Indicate that no heat Flux Instahilitics should be excited.
The poasible role of the hot nonthermal olectrons  praduced by parametric
Inrtability heating remaina to be examined [u more detalle [T these olectrons
are of sufflelent densfty they could exclte two=ntream Instabllitles with the
Fackpround plasma electrons and lons, which conld result In additional  plauma
heating an well asn modifieatlons to the heat flow by the resaltant turbalenece,
A preliminary analvain of an Intermed [ate Leating ecase vhere hoth the heat  lux

and  the hot ponthermal olectron praduct fon {8 weaker fndicates that a somewhat
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larger value of 2 (x 0.3-N.6) provides a better fit to the data. This may
sugpest a role is belnpg plaved by instabhilities in the stronpg heating pulse case
reported herc.
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